We tested urine samples from patients at different stages of current leptospirosis and thereafter to determine whether use of the PCR for detection of leptospires in urine can be a valuable alternative to culturing. The procedure of DNA extraction and subsequent PCR applied to 15 freshly voided urine samples proved to be twice as sensitive as culturing. Overall, we were able to detect leptospires in approximately 90% (26 of 29) of the urine samples. Urine and serum samples were obtained from seven patients, before the eighth day of illness. Although it is generally assumed that leptospiruria starts approximately in the second week of illness, we were able to detect leptospires in all of these early urine samples. In contrast, only two of seven corresponding serum samples gave positive PCR results, which suggests that PCR analysis of urine can be more successful for early diagnosis of leptospirosis than PCR analysis of serum. Urine samples from six patients who had been treated with antibiotics at the time of illness were positive by PCR, implying that the patients were still shedding leptospires in their urine despite treatment. Some of these samples were even taken years after the infection, indicating that shedding of leptospires in urine may last much longer than is generally assumed. We conclude that detection of leptospires in urine with PCR is a promising approach for early diagnosis of leptospirosis and may also be useful in studying long-term shedding.
Diagnosis of leptospirosis is usually based on the demonstration of serum antibodies with serological tests like the microscopic agglutination test (MAT) and enzyme-linked immunosorbent assay (ELISA). In humans, antileptospiral antibodies become detectable at about the seventh day of illness. As a result of the immune response, leptospires are cleared from the blood after approximately the 10th day of illness. At this stage, some bacteria may remain in the convoluted tubules of the kidneys. It is generally assumed that shedding of leptospires in urine starts in the second week of illness and lasts 4 to 6 weeks (11), although rare cases of leptospiruria that lasted several months have been reported (12) .
Besides serology, which becomes informative only after the seventh day of illness, culturing of leptospires from blood or urine can be used in the diagnosis of leptospirosis. Although culture medium can be inoculated immediately after onset of the disease, the results of culturing come late and therefore do not contribute to a rapid diagnosis. In addition, leptospires can be fastidious and often fail to grow in culture medium. Alternative methods developed to assess the presence of leptospires in clinical samples, like immunofluorescence staining (25, 32) , immunoperoxidase staining (26) , or DNA hybridization (28), were not satisfactory for routine diagnostic purposes, mainly because of their lack of sensitivity.
The PCR is a sensitive, specific, and rapid technique which has been successfully applied to the detection of several microorganisms and viruses in a variety of specimens, including sputum, serum, cerebrospinal fluid, urine, feces, and various tissues (4, 16, 19, 23, 30) . Detection of leptospires in serum of patients with leptospirosis by using PCR has recently been reported by Gravekamp et al. (10) . Although PCR analysis of serum was more sensitive than culturing, a disappointing 50% was missed by PCR, possibly because the number of leptospires in these samples was too small to be detected by PCR. PCR analysis of urine may provide a good alternative to PCR analysis of serum, since in contrary to serum, urine samples can be collected very easily in large quantities and the sediments of large volumes of urine can be examined by PCR. Therefore, we think that exploration of PCR for the detection of leptospires in urine is worthwhile.
Detection of leptospires in urine by PCR has been reported for cattle (8, 29) and recently for one patient with leptospirosis (18) . The use of PCR provides a considerable time gain compared with culturing of leptospires from urine, and PCR can be applied to frozen or formalin-preserved urine samples. In contrast, culturing is possible only with freshly voided specimens as leptospires die quickly in urine.
In this report, we describe the use of PCR to demonstrate leptospires in urine samples from patients with leptospirosis at different stages of the disease and thereafter. PCR MAT and ELISA were applied as described earlier (5, 27) . A battery of live leptospiral strains, as recommended by Faine (7), were used as antigens in the MAT. The ELISA was applied with heat-stable, broadly reactive antigen prepared from strains Wijnberg (serovar copenhageni) and Hardjoprajitno (serovar hardjo).
Culture. Leptospires were cultured in EMJH medium as described by Johnson and Harris (13 The maximum initial volume of urine per aliquot that was processed for PCR was 50 ml. During introductory experiments, it was found that the sediment to be examined by PCR should not be obtained from more than 50 ml of urine to avoid interference with PCR by inhibiting substances. For the same reason, the volume of serum to be examined by PCR should not exceed 1 ml (10) .
With each extraction procedure, several negative control samples consisting of distilled water, as well as negative urine and serum samples, were processed in parallel to monitor cross-contamination between samples.
PCR. We used two sets of primers for PCR, i.e., G1-G2 and B64-I-B64-II, as described previously (9, 10 
RESULTS
Culturing of leptospires from patients' urine. We isolated leptospires from 6 of 15 urine samples that were subjected to culturing. Two of the strains that were isolated belonged to the autumnalis serogroup, one belonged to serogroup canicola, one-belonged to serogroup icterohaemorrhagiae, one belonged to serogroup celledoni, and one belonged to serogroup bataviae.
Detection of leptospires in patients' urine by PCR. To determine the detection limit of the procedure of DNA extraction and subsequent PCR that was used to detect leptospires in urine samples from patients, 10-fold sequential dilutions of L. interrogans Wijnberg and L. kirschneri Duyster in urine samples containing 106 to 10-1 leptospires ml-' were subjected to this procedure. After amplification with both sets of primers and subsequent Southern hybridization with oligonucleotides G195-28 and B88-29, for each strain the detection threshold was approximately 1 leptospire ml-' (Fig. 1) .
We found 26 of the 29 urine samples from patients with leptospirosis to be positive by PCR (Table 1) . In all 26 PCR-positive urine samples, generation of a 285-bp fragment which hybridized to oligonucleotide G195-28 was observed (Fig. 2) . Apparently, none of the urine samples contained L. kirschneri leptospires.
In all seven urine samples obtained before day 8 of illness, we were able to detect leptospiral DNA. After day 8 of illness, 19 (86%) of 22 urine samples were positive by PCR (Table 1) . Two of these positive urine samples had been obtained more than 1 year after infection. Including these two samples, a total of six urine samples that were positive by PCR were obtained from patients who had been treated with antibiotics at the time of illness.
In comparison with culturing, we were able to detect leptospires by PCR in twice as many freshly obtained urine samples (Table 2 ). In one urine sample that was culture positive, the leptospires could not be detected by PCR. The strain that was cultured from this urine sample belonged to serogroup celledoni. DNA isolated from this strain appeared to be amplified very poorly with primer set G1-G2 in our PCR (data not shown).
All aliquots of all urine and serum samples from patients with leptospirosis which were scored PCR negative were negative by PCR. The urine and serum samples used as negative controls were all negative by PCR. Except for two urine samples, all aliquots of all of the PCR-positive urine samples tested were positive. Re-extraction with GuSCN or dilution of the DNAs extracted from these two samples to eliminate possible inhibitory components of Taq polymerase was not effective.
Comparison of PCR analyses of urine and serum samples for early diagnosis. Previously, we found a detection limit of 1 to 10 leptospires ml-' for PCR analysis of serum (9, 10) . To compare the results of PCR analyses of urine and serum, we tested urine samples and corresponding serum samples collected before day 8 of illness from seven patients. As mentioned in the previous paragraph, all seven urine samples were 
DISCUSSION
We have explored the use of PCR analysis of urine as a diagnostic tool for leptospirosis by application of a procedure involving DNA extraction and subsequent PCR analysis of human urine samples taken at different stages of the disease.
By PCR, we were able to detect leptospires in twice as many urine samples as by culturing. Thus, PCR can be a more sensitive and rapid alternative to culturing for direct detection of leptospires in urine. A positive PCR outcome is actually only evidence of the presence of leptospiral DNA, which may originate from both viable and dead bacteria in a sample. Since leptospires do not survive long in urine, the better results obtained by PCR than by culturing may thus be attributed to the fact that PCR detected dead bacteria as well.
On the basis of results obtained by culturing, it is generally assumed that leptospiruria starts in the second week of illness (11) . However, we detected leptospires in each of the seven urine samples that were taken during the first 7 days of illness. This indicates that patients shed leptospires into the urine at an early stage of illness. In four cases, PCR analysis of urine was positive before seroconversion. In the other three cases, we found low antibody titers that were not indicative of a diagnosis of leptospirosis. Thus, PCR analysis of urine can be valuable for early diagnosis of leptospirosis and, in contrast to serology, be informative in the first week of the disease.
Comparison of the PCR results obtained with urine and serum samples collected before day 8 of illness confirmed our hypothesis that use of PCR analysis of urine can be more successful than use of PCR analysis of serum.
Besides the shedding of leptospires at an early stage of the disease, we found evidence of long-term shedding, as urine samples collected from two patients more than 1 year after the acute phase of the disease were positive by PCR, suggesting persistent infection. Although the possibility of reinfection cannot be excluded, it is not likely, since no apparent rise in antibody titers was observed. Both these two patients and four other patients who were scored positive by PCR had been treated with antibiotics at the time of illness. In two cases, the positive PCR scores were confirmed by positive culture results.
The presence of leptospires in a patient's urine more than 1 year after illness indicates that leptospires can persist in the kidneys much longer than was assumed. The fact that this was observed even after treatment with antibiotics such as penicillin, amoxicillin, and vibramycin poses the question of whether the usual treatment of leptospirosis with these antibiotics is able to remove all bacteria from the human kidneys. Persistence of leptospires in the kidneys after treatment with antibiotics has been described for cattle (6, 14) and hamsters (1) and may also occur in humans (31) . Persistence of leptospires is probably not caused by lack of susceptibility to antibiotics (1, 17, 20, 24) , which suggests that some or most antibiotics do not reach concentrations in the kidneys which effectively eradicate leptospires. Further investigation of persistent leptospiral infections in patients, even after treatment, and possible pathogenic effects is needed. The use of a sensitive technique such as PCR may provide information about the period during which patients shed leptospires in their urine and the efficacy of treatment with certain antibiotics.
All 26 PCR-positive urine samples contained leptospiral DNA that could be amplified with primer set G1-G2. This indicates that none of these patients were infected with strains belonging to L. kirschneri, which was in agreement with the results obtained by MAT, which detected no antibodies that could indicate infection with serovars of L. kirschneri. Gravekamp et al. (9, 10) found no cross-reaction of the primer sets we used with several other spirochetes, various nonrelated microorganisms, and human DNA. Consistently, none of the urine samples we used as controls, from patients with infections other than leptospirosis or from healthy individuals, were positive by PCR. In one case, however, an amplified DNA fragment of approximately the correct size was observed after gel electrophoresis (Fig. 2, lane 12) . On a Southern blot, this amplification product did not hybridize with either of the two probes we used. Apparently, this fragment was generated as a result of mispriming. This illustrates the importance of confirmation of the specificity of the amplification product by hybridization when PCR is used as a diagnostic test.
In preliminary investigations, we established the importance of concentrating the leptospires in clinical samples to amounts that can be detected by PCR. Collecting the leptospires by centrifugation of the urine, however, can result in a concomitant concentration of factors that inhibit PCR. Earlier, Merien et al. (18) were able to detect leptospires by PCR analysis of a small volume (100 ill) of urine from only one patient. The method of DNA isolation they used, i.e., boiling of samples containing leptospires, gave irreproducible results in our study and inhibition of PCR when used for large amounts of urine and serum.
Although the procedure of DNA isolation with GuSCNdiatoms was developed for small quantities of urine and serum (3), we also found highly reproducible results when we applied it to large volumes of urine. For only 2 of 26 positive urine samples were we unable to detect leptospires in all of the aliquots of the same urine sample. The poor reproducibility is, in our opinion, due more to low numbers of leptospires erratically distributed, and in some aliquots just below the level of detection, than to the presence of inhibitors, since attempts to remove potential inhibitors were not effective. Furthermore, if interference with PCR was caused by the presence of inhibitors, it would likely have occurred in all aliquots of the same sample, thus rendering the entire sample PCR negative.
To monitor the effectiveness of DNA extraction and the presence of any inhibitory factors in the PCR, we are currently constructing a modified template, i.e., a recombinant plasmid containing a modified target sequence that will be coamplified. The modified template will be added to the urine samples to serve as an internal positive control.
In summary, with this PCR we describe a technique which is twice as successful as the culturing presently used to detect leptospires in urine. Furthermore, it is shown to be a promising adjunct to the early diagnosis of leptospirosis and can be useful in the study of persistence of leptospires in patients. PCR has proven to be specific for leptospirosis, more sensitive and more rapid than culturing, and in contrast to serology, informative in the first week of illness.
